Abstract.
Full NMR and ESI-MS spectra, and differential scanning calorimeter data are presented for fifteen substituted phenylarsonic acids, including two new fluorosubstituted examples. X-ray crystal structure determinations of five examples (phenylarsonic acid and the 4-fluoro-, 4-fluoro-3-nitro-, 3-amino-4-hydroxy-and 3-amino-4-methoxy-substituted derivatives) were determined and the H-bonding crystal-packing patterns analysed.
Introduction.
As part of a project to re-investigate the composition and biological activity of the historically-important arsenical remedy for syphilis, Salvarsan, we required a series of substituted arylarsonic acids, RAsO 3 H 2 [1] . There is revived interest in organo-arsenic compounds with the recognition that they are still of pharmaceutical use [2] despite their obvious toxicity, and with a developing understanding of the biological pathways for activity [3] .
Since only a few examples such as phenylarsonic acid, 3-nitro-4-hydroxyphenylarsonic acid ("Roxarsone") and o-or p-aminophenylarsonic acid ("arsanilic acid") are readily available commercially, others needed to be synthesized.
Much of the literature on these species is quite old [4] , so we have taken the opportunity to re-examine the series 1-15 with modern spectroscopic techniques and to structurally define key examples, 1, 10, 13-15, by single crystal X-ray diffraction. NMR spectra were recorded on Bruker AC300 or AC400 spectrometers in d 6 -DMSO as solvent and internal standard. Assignments were by standard proton-carbon HSQC and HMBC experiments. ESI-MS were measured on a Bruker MicrOTOF spectrometer, using MeOH or H 2 O as solvent. DSC data were obtained on a PerkinElmer DSC6 machine.
Experimental Section

General
Syntheses.
Detailed examples of synthesis of arylarsonic acids using the Bart [5] and Scheller [6] methods are taken from the older literature, and are reproduced here for convenience. In a separate 5 L beaker, aniline (150 g, 1.6 mol) was carefully added to a solution of concentrated HCl (320 mL), water (800 mL) and enough ice to make approximately 2.4 L. To this a saturated aqueous solution of NaNO 2 (112 g) was slowly added.
Preparation of phenylarsonic
The resulting diazonium salt solution was slowly added over 1 h to the arsenite mixture, with cooling to keep the temperature below 15°C. Small amounts of acetone were added to minimize foaming, caused by the effervescing N 2 gas.
The resulting slurry was stirred overnight, to allow complete evolution of nitrogen. [11] .
Preparation of 4-methylphenylarsonic acid (7)
Similarly from 4-methylaniline (10. 
Preparation of 4-ethoxyphenylarsonic acid (8).
Under the same conditions in EtOH, from 4-fluoroaniline (11.1 g, 0.10 mmol) fine 
Preparation of 4-methoxy-3-nitrophenylarsonic acid (12).
Similarly from 4-methoxyphenylarsonic acid (9.2 g, 0.04 mol), nitration with conc. 
Preparation of 4-fluoro-3-nitro-phenylarsonic acid (13).
4-Fluorophenylarsonic acid (13.2 g, 0.06 mol) was dissolved in conc. H 2 SO 4 (45 mL).
To this solution fuming nitric acid (6 mL) was added. The mixture was heated with stirring in a water bath for approximately 6 hours. The heat was then turned off and the mixture left overnight to cool. The mixture was poured over ice ( 300 g) and stored in the fridge. The precipitate was filtered and dried. 
Preparation of 3-amino-4-hydroxyphenylarsonic acid (14) [c.f. ref 1,12].
3-Nitro-4-hydroxyphenylarsonic acid (13.1g, 0.05 mol) was dissolved in a solution of aqueous NaOH (100 mL, 1 mol L -1 ) and cooled to 0ºC in an ice/salt slush bath with stirring. Na 2 S 2 O 4 (30.25 g ) was added in one portion with vigorous stirring. The solution effervesced vigorously. As soon as the colour changed from orange to pale yellow, concentrated HCl (12 mL) was added. This mixture was held at <0ºC until the frothing ceased and the product had precipitated from the solution. This was filtered and washed twice with ice-cold water to give crude 3-amino-4-hydroxyphenylarsonic acid (6.50 g, 56%) as a cream coloured solid which was dried under vacuum. The crude product (6 g) was dissolved in a mixture of H 2 O (25 mL) and conc. 
Preparation of 3-amino-4-methoxyphenylarsonic acid (15).
4-Methoxy-3-nitrophenylarsonic acid (5 g) was reduced with ferrous sulfate following the method of Jacobs et al. [13] . 
X-ray crystallography
X-ray intensity data for compounds 1, 10, 13-15 were obtained from a Bruker SMART CCD diffractometer, and were processed using standard software. Crystal data and refinement details are summarised in Table 1 . Corrections for absorption were carried out using SADABS [14] . The structures were solved and refined using the SHELX programs [15] , operating under WinGX [16] . All H atoms were located from penultimate difference maps and refined, except for 14 and 15 where only the NH 2 and OH hydrogen atoms were refined, and the others were placed in calculated positions. Analyses were straightforward, except for PhAsO 3 H 2 which was refined as a racemic twin, with the twinning parameter converging to a value of 0.44.
Results and discussion
Syntheses of RAsO 3 H 2 .
There are three general methods for the preparation of arylarsonic acids [4] . The Bart reaction [5] involves the addition of an aqueous alkaline solution of sodium arsenate to the diazonium salt of the pre-requisite amine. The reaction requires a catalyst [usually Cu(I)] and gives the maximum yield when buffered with sodium carbonate. There are several variations of this reaction, the most useful being the Scheller [6] variation, which can be adapted into a one pot synthesis, where the diazo compound is prepared and decomposed with a cuprous bromide catalyst in the presence of arsenic trichloride in an alcoholic solution. This variation also eliminates the excessive foaming sometimes encountered in the Bart reaction.
NH 2
EtOH, H 2 SO 4 , AsCl 3 , NaNO 2 , CuBr, heat. Aromatic C-F bonds are known to be particularly susceptible to nucleophilic substitution reactions, despite the high C-F bond energy [17] . This problem could be circumvented by carrying out the reaction in THF, when the previously uncharacterised 4-fluorophenyl arsonic acid was produced in 51% yield.
Nitro-aryl arsonic acids could be prepared either from the appropriate nitro-aniline or by direct nitration of other aryl-arsonic acids, and these in turn could be reduced to give amino-arylarsonic acids using established methods with dithionite or ferrous sulfate as reducing agents [13] .
Using these methods, arsonic acids 1-15 were prepared and were investigated in this report. Most of the acids have been reported previously, but the EtO-substituted examples 8 and 9, and the fluorinated compounds 10 and 13, have had only brief mention in the literature. The synthesis of 3-NO 2 -4-FC 6 H 3 AsO 3 H 2 , 13, was claimed
[18] but without characterisation, and our studies would suggest that it was the 4-EtO rather than the 4-F compound that would result from the procedure used.
Spectroscopic properties.
1 H and
13
C NMR data are listed in Table 2 , together with their assignments, which were reasonably straightforward using standard proton-carbon HSQC and HMBC techniques. esters of the acid, as has been reported earlier [19] .
ESI-MS was a useful
Arylarsonic acids often decompose before melting, so were surveyed using DSC. As summarised in Table 3 , these generally showed one or two endothermic feature in the range 140-180°C, presumably lattice water loss (if present) and/or water-elimination giving condensed acids, followed by an exothermic process just above 300°C which will be an oxidative degradation. A typical example is shown in Fig. 1 .
Crystal structures.
4-FC 6 H 4 AsO 3 H 2 (10)
This crystallises with one molecule comprising the asymmetric unit. The structure (Fig.3) is similar to that of the unsubstituted example with the electronegative 4-F substituent having the expected effect of shortening the aryl C-C bonds adjacent to the 4-position, but having no significant effect on the bond lengths around the As atom, where (13) This crystallises with two independent molecules in the asymmetric unit, but they differ only in small details (Fig.4) . The most apparent are the degree of twisting of the plane of the -NO 2 group from the plane of the phenyl ring (35° and 30°) and the displacement of the As atom from the phenyl plane (0.18 and 0.83 Å) respectively.
Otherwise the individual bond parameters are indistinguishable from the corresponding ones in the 4-F example 10.
3-NH 2 -4-MeO-C 6 H 3 AsO 3 H 2 (15).
This has a complicated structure with three independent molecules in the asymmetric unit. Interestingly they are all molecular species (Fig.5) , in contrast to the closely 
Hydrogen bonding networks.
The arsonic acids described here have many possibilities for H-bonding interactions in the crystals. In addition to those involving the AsO 3 H 2 moieties, the -NH 2 , -OH or -NO 2 groups on the phenyl rings are also likely to act as donors or acceptors. acceptor are all about 2.57 Å, making them on the strong/moderate borderline using Jeffrey's classification [24, 25] . This arrangement is also further stabilised by allowing the phenyl rings to -stack parallel to each other at 3.4 Å apart. There are only Van der Waals interactions cross-linking these chains. This particular H-bonding arrangement was also found for 2-H 2 NC 6 H 4 AsO 3 H 2 [22] . independent molecules in the asymmetric unit, and each of these is involved in different H-bonding arrangements to generate three cross-linked strands, each parallel to the short a axis.
The As(1) molecules form a simple strand based on strong As-O-H…O=As links, with the remaining As-O-H donating to the NH 2 group of As(2) molecules as in 15A. The As(2) molecules form a double chain based on slightly chair-shaped eightmembered dimers, formed about an inversion centre, similar to the arrangement 10A found for compounds 10 and 13, with O…O distances of 2.57 Å. These stack up the a axis, with further 2.52 Å O…O links between the remaining As-O-H and the As=O of adjacent molecules to give 12-membered rings, with each As=O acting as acceptor to two As-O-H groups, as shown in (15B). The -NH 2 group acts as an acceptor to an As-OH from As(1) molecules, and as an N-H donor to the O of an As-O-H of As (3) molecules. The 8/12-membered alternating ring motif was also found for 4-NO 2 -C 6 H 4 AsO 3 H 2 , though with a small variation in the 12-membered ring [28] .
The As(3) strand links the others together through a variety of interactions. The single chain is based on As-O-H groups H-bonding as a donor to the As=O group of the adjacent molecules (O…O 2.52 Å), as also found for the As(1) molecules. This -OH further acts as an acceptor from an -NH 2 group of an As (1) 
Supplementary material
Crystallographic data for the structural analyses have been deposited with the Table 1 Crystal data and refinement details for aryl arsonic acids. 
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